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Abstract 
Vinylbenzylchloride (VBC) and divinylbenzene (DVB) were used to prepare a new adsorbent for CO2 capture by the high 
internal phase emulsion technique. Effects of surfactant, water fraction, monomer ratio, and porogen type on the properties of the 
adsorbent were studied to select a suitable condition for preparation. Optimal properties were obtained from 90 vol% water 
fraction, 20 wt% of three component surfactants, 65/35 volume ratio of DVB/VBC and chloroethylbenzene porogen. The new 
material had a surface area of 150 m2/g with an adsorption capacity of 0.106 mmol/g. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of GHGT. 
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1. Introduction 
    Various CO2 capture technologies, such as cryogenic capture, absorption, membrane separation, and adsorption 
have been developed for many decades [1]. Absorption using aqueous solutions of amine is popular due to high 
efficiency with fast kinetic response and strong chemical reactions [2], but there are some problems associating, for 
example solvent degradation, high energy consumption, corrosion, and foaming [3]. Adsorption of CO2 is one of the 
alternative techniques that have been developed to minimize CO2 absorption problems. Its advantages consist of low 
energy consumption and operation costs, ability to regenerate, and operate over a wide range of temperatures and 
pressures [4]. Typically, porous adsorbents, such as activated carbon [5-7], mesoporous silica [8, 9], mesoporous 
molecular sieve [10, 11], zeolite [12, 13], and carbon nanotubes [7, 14, 15], etc., are used. CO2 adsorption selectivity 
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can be increased by introducing amine groups onto the surfaces through impregnation and chemical reactions. 
However, the impregnation often causes pore blockage and surface area reduction especially with micro- and 
mesoporous materials [16]. Thus, the highly porous materials have to sacrifice their high surface area advantage. 
Therefore, different methods are used to prepare the adsorbents: foaming, phase separation, template synthesis, 
mechanical stretching, interparticular cross-linking, etc. [17].  
    A polymeric adsorbent prepared by high internal phase emulsion (HIPE) polymerization has gained interest 
because the material is highly porous with pore interconnection, which facilitates transportation of gas along the 
adsorbent with low pressure drop [18]. Polymers, prepared by HIPE or PolyHIPE, have been simply made by 
dispersing an aqueous phase into an oil phase at a modulated temperature. High porosity occurs after the internal 
aqueous phase is removed. Effects of parameters influencing the properties of polyHIPE, i.e. effect of surfactant 
component, water fraction, monomer ratio, and porogen type, were investigated and the obtained material was 
preliminarily investigated for CO2 adsorption. 
     
Nomenclature  
Cin concentration of CO2 entering the reactor, % 
Cou  concentration of CO2 leaving the reactor, % 
F gas flow rate, mol/s 
M weight of the adsorbent, g 
Qads adsorption capacity, mmol/g 
tst stoichiometric time to complete adsorption, s 
2. Experiments 
2.1 Chemicals and equipment 
Monomers, as the oil phase, consisting of vinylbenzylchloride (VBC, 90%) and divinylbenzene (DVB, 65%) 
were obtained from Aldrich and Merck, respectively. Sorbitan monooleate (Span 80), and sodium dodecylbenzene 
sulfonate (DDBSS) were purchased from Aldrich. Cetyltrimethylammonium bromide (CTAB), an oil soluble 
surfactant that was used as an emulsifier, was purchased from Fluka. Poragens used were chloroethylbenzene (CEB, 
99%) and toluene from Aldrich and Lab Scan (Thailand), respectively. Potassium persulfate (K2S2O8, 99%) as an 
initiator and calcium chloride dihydrate (CaCl2.2H2O) were purchased from Fluka and A.C.S., respectively. Ethanol 
was purchased from Lab Scan, Thailand. Nitrogen (99.99%), ultra-pure helium (99.99%) carrier gas, used for gas 
chromatography, air, and premixed gas containing 4 vol% CO2 with nitrogen balance were obtained from Praxair. 
The surface morphology of polyHIPE was investigated by field emission electron microscopy (FE-SEM). The 
sample was dried in an oven at 353 K overnight, cut cross-sectionally, placed on an aluminum stub with conductive 
carbon tape and coated with platinum. The surface area of polyHIPE was determined by the multi-point BET 
(Brunauer, Emmett, and Teller) method with N2 adsorption/desorption on a Quantachrome/Autosorb 1-MP. Each 
sample was degassed at 383 K under vacuum before analysis. 
A gas chromatograph (GC), equipped with a thermal conductivity detector (TCD), from Agilent Technologies 
(GC-TCD, model 6890/G1540N) was used to determine CO2 coming out of the adsorption reactor. A GC-Gaspro 
containing silica-based stationary phase with 0.32 mm id × 60 m l dimension was used as a chromatographic 
capillary column. 
2.2 Experimental procedure 
For preparation of an adsorbent by HIPE polymerization, a water-in-oil emulsion was prepared by adding the 
water phase into the oil phase at the volume ratio of 80 % and 90 % while stirring. The aqueous phase contained 
distilled water, K2S2O8 (0.2 wt%), and CaCl2.2H2O (1 wt%). The oil phase contained VBC, DVB, porogen, and 
surfactants. The volume ratio of VBC to DVB was varied from 50/50 to 90/10.  The porogens were toluene and 
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CEB. The effect of the surfactants was studied by comparing a single component with the mixed surfactants. The 
mixture was continuously stirred for 1 h to produce a homogeneous emulsion, and allowed to polymerize at 343 K 
for 24 h. The polymer obtained was extracted with ethanol for 6 h in a soxhlet extractor and dried in an oven at 333 
K for 24 h.  
2.3 CO2 adsorption study 
The polyHIPE adsorbent was cut and placed in a reactor. Before CO2 adsorption, N2 gas was allowed to flow 
through the adsorbent at 100 mL/min and 333 K for 1 h to remove residual gases remaining inside the adsorbent, 
and then cooled to room temperature. CO2 adsorption was conducted with 4 % CO2 in N2 balance with a flow rate of 
5 mL/min at atmospheric pressure. The concentration of CO2 at the outlet was detected by GC-TCD. A 
breakthrough curve was plotted between Cou/Cin and time to calculate the adsorption capacity (Qads in mmol/g) by 
using Eq. 1 and Eq. 2. 
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3. Results and discussion 
3.1 Parametric study of poly(VBC/DVB) 
Effect of surfactant. A volume ratio of VBC to DVB of 70:30, total surfactant concentration of 20 %, toluene and 
water to oil volume ratio of 90:10 were selected for investigating the effect of surfactant type. The single surfactant 
of Span 80 nonionic surfactant was compared to the mixed surfactants of Span80, DDBSS (anionic surfactant), and 
CTAB (cationic surfactant) at the same total concentration of 20 % with respect to the total volume of the oil phase. 
The obtained polyHIPE material was a white solid and porous structure. SEM results showed an open cellular 
structure with pore connectivity (Figure 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. SEM micropraphs of polyHIPE prepared by 90 vol% water fraction, 70/30 DVB/VBC, toluene porogen, and 20 wt% surfactant: a) Span80 
and b) mixed surfactant (Span80, DDBSS, CTAB). 
For Span 80 only, SEM showed a fragile and brittle structure when compared to the polyHIPE prepared by the three 
surfactant mixtures which contained 5 % DBSS and 5 % CTAB relative to Span 80. When the emulsion was 
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prepared by the single surfactant of Span 80, the surfactant formed an interfacial film between the water and oil 
phase to stabilize the emulsion. The insertion of sorbitan groups caused repulsion between the polar head groups of 
the surfactant which caused loose film packing. When cationic (CTAB) and anionic (DDBSS) surfactants were used 
in small amounts, they reduced the repulsion, which made dense and strong interfacial film of emulsion droplets 
[19]. The surface area of polyHIPE by the single Span 80 surfactant yielded 98 m2/g, while the mixed surfactants 
yielded 150 m2/g. 
Effect of water content. The water to oil volume ratio was varied. Two water fractions of 80 vol % and 90 vol % 
were employed. The 80 % water fraction yielded a surface area of 120 m2/g and the 90 vol% water fraction provided 
150 m2/g. An increase in the water fraction in the emulsion increased the number of water droplets dispersing in the 
oil (monomer) phase. The monomers were polymerized to a solid structure while water was still being trapped in the 
solid structure. Porosity in the polymer occurred after the water was removed during the soxhlet extraction. The 
higher the water fraction, the greater the porosity of the material; however, the material was more fragile. 
Effect of monomer ratio. DVB acted as a crosslinking agent which strengthened the polyHIPE pore structure. 
The ratio of DVB to VBC had an influence on the surface area of polyHIPE, when the surface area increased with 
increasing DVB content (Figure 2.). When DVB increased from 50 vol% to 90 vol%, the surface area increased 
from 82 m2/g to 283 m2/g. Low DVB caused the shrinkage and collapse of the polyHIPE structure, which led to a 
decrease in surface area.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Effect of DVB/VBC on polyHIPE surface area, 90 vol% water fraction, toluene porogen, and 20 wt% mixed surfactant. 
Effect of porogen. Porogen was added in the oil phase to form a microporous structure. Two porogens, toluene 
and chloroethylbenzene, were selected for the study, based on literature [20]. At the same porogen concentration, the 
surface area obtained from toluene and chloroethylbenzene were 120 m2/g and 150 m2/g, respectively, which could 
be due to the packing arrangement of porogen and monomers in the emulsion. In the porogen structure, the 
chloroethyl group was bulkier than the methyl group, which had looser packing of the oil phase. In addition, the 
chloride attaching to the ethylbenzene group, which is more polar than that of the methyl group of toluene, could be 
associated with the water. 
Preliminary study of CO2 adsorption. The optimized condition for polyHIPE was obtained with a DVB/VBC 
volume ratio of 65/35 and a surface area of 120 m2/g. Preliminary CO2 adsorption was performed and a capacity of 
0.106 mmol/g was obtained. The adsorption mechanism of CO2 and polyHIPE was possibly due to physical 
interaction. The results indicated that the chloromethyl group in the polyHIPE structure, which accounted for 2.53 
mmol/g, was probably not involved in the adsorption interaction. To make polyHIPE more active to CO2 and 
increase the adsorption selectivity and capacity, the chloromethyl group could be easily modified with amines. This 
will be reported in another paper. 
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4. Conclusion 
In this work, poly(VBC/DVB) was prepared as a new candidate adsorbent for CO2 adsorption. The parameters 
involved in preparing polyHIPE were: VBC/DVB ratio, water fraction, types of surfactant, and porogen. The 
optimum poly(VBC/DVB)HIPE condition was 65/35 DVB/VBC, 90 vol% water fraction, 20 wt% mixed surfactant 
and chloroehtylbenzene. The poly(VBC/DVB) material contained 2.53 mmol/g of chloromethyl content and had a 
surface area of 150 m2/g.  The physical adsorption capacity of the poly(VBC/DVB) material was 0.106 mmol/g. In 
the future study, this material could be enhanced to increase CO2 adsorption by an amination of the 
poly(VBC/DVB) material.  
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